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PREFACE 
 
This Conceptual Model is part of a suite of conceptual models which collectively 
articulate the current scientific understanding of important aspects of the Sacramento-San 
Joaquin River Delta ecosystem.  The conceptual models are designed to aid in the 
identification and evaluation of ecosystem restoration actions in the Delta.  These models 
are designed to structure scientific information such that it can be used to inform sound 
public policy. 
 
The Delta Conceptual Models include both ecosystem element models (including 
process, habitat, and stressor models); and species life history models.  The models were 
prepared by teams of experts using common guidance documents developed to promote 
consistency in the format and terminology of the models 
http://www.delta.dfg.ca.gov/erpdeltaplan/science_process.asp . 
 
The Delta Conceptual Models are qualitative models which describe current 
understanding of how the system works.  They are designed and intended to be used by 
experts to identify and evaluate potential restoration actions.  They are not quantitative, 
numeric computer models that can be “run” to determine the effects of actions.  Rather 
they are designed to facilitate informed discussions regarding expected outcomes 
resulting from restoration actions and the scientific basis for those expectations.  The 
structure of many of the Delta Conceptual Models can serve as the basis for future 
development of quantitative models. 
 
Each of the Delta Conceptual Models has been, or is currently being subject to a rigorous 
scientific peer review process.  The peer review status of each model is indicated on the 
title page of the model. 
 
The Delta Conceptual models will be updated and refined over time as new information 
is developed, and/or as the models are used and the need for further refinements or 
clarifications are identified. 
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OVERVIEW 
 
Tidal marshes are a subset of estuarine wetlands defined by the presence of vegetation 
types uniquely adapted to sheltered intertidal zones of temperate and subtropical coastal 
plains (Chapman 1960, 1976, Mitsch & Gosselink 1993).  They are found across a full 
range of salinity conditions from seawater on the immediate coast to freshwater tidal 
reaches of estuarine river systems. Marshes are transitional ecosystems that provide 
critical connections between adjacent subtidal and terrestrial ecosystems within the 
estuarine landscape (Levin et al. 2001).   These “critical transition zones” often function 
as conduits for substantial fluxes of materials and energy (Ewel et al. 2001), and provide 
a variety of valuable ecosystems services related to the maintenance of biodiversity, fish 
and wildlife habitat, water quality, flood abatement and carbon sequestration (Costanza et 
al. 1997, Weslawski et al. 2004, Zedler & Kercher 2005). However, estuarine marshes 
and the biotic communities that depend on them are vulnerable to anthropogenic impacts 
(Holland et al. 2004, Snelgrove et al. 2004), and the functionality of these systems can be 
difficult to restore once severely impacted (Zedler & Kercher 2005). 
 
The San Francisco Bay estuary is perhaps the most hydrologically-engineered estuarine 
wetland system in the United States, and an estimated 95% of the marsh area that existed 
there in 1850 has been altered or converted to other types of ecosytems (Josselyn 1983).  
The principal source of freshwater input to the estuary enters through the Sacramento-San 
Joaquin River Delta (Delta), which is the terminus of a watershed that drains about 40% 
of California’s land area.  Anthropogenic alterations of the estuary’s hydrologic 
characteristics have profoundly affected the extent and functioning of the tidal wetlands, 
particularly in the brackish and tidal fresh portions of the upper estuary associated with 
the Delta.  Although the conceptual model presented here is intended to capture the 
features and dynamics of tidal marshes in the Delta (e.g., Suisun Bay to the upriver extent 
of the tide), oligohaline and tidal freshwater marshes still remain poorly understood.  
Recent texts (e.g., Sharitz & Pennings 2006) still consider the review by Odum (1988) as 
the best treatment of these low salinity tidal ecosystems.  Consequently, development of 
the current conceptual biological model often required us to judiciously borrow from the 
more extensive literature on temperate salt marshes in diverse regions. 
 
This broad-view model explicitly acknowledges the importance of interactions among 
structural components of tidal marsh ecosystems and the hydrologic characteristics that 
are modulated by both extrinsic and intrinsic factors.  The interaction of these factors 
control biological/ecological processes that support two of the more important ecosystem 
services of tidal marshes: essential habitat for biota and the net export of high-quality 
organic production.  It also highlights the transitional position of tidal marshes between 
adjacent ecosystems, including terrestrial and aquatic interfaces that represent the 
dynamic and permeable boundaries of the tidal marsh; these interfaces may function as 
membranes through which the exchange of materials (organisms, surface/groundwater, 
etc.) and energy between upland and open water estuarine environments via the 
intervening marsh ecosystem may be modified or blocked, i.e., permeable to varying 
degrees (Kneib 1997, Levin et al. 2001).   



 

Tidal Marsh Conceptual Model - DRAFT  Page 2  
January 24, 2008  

 
We focus this conceptual model on the vegetated marsh proper (or marsh plain) that is 
depicted as the Marsh Structure and Processes box, explicitly recognizing variation in 
the types of emergent marsh vegetation (i.e., plant architecture) and associated sub-
system contributions, as well as the in situ production of plants that leads to the support 
of a regionally characteristic animal biodiversity and food web.  This box can be 
expanded to include more details of both physicochemical (e.g., sediment accretion, light 
attenuation) and ecological interactions (including trophic dynamics) that result in 
different marsh physical and biotic assemblage structures and/or enhance the production 
of specific plant or animal components.  However, it is not the intention of the present 
broad-view model to provide that level of detail, although we have attempted to identify 
important feedback loops between biological and physical processes (e.g., plant growth 
and sedimentation) that affect intermediate outcomes and drivers (e.g., inundation regime 
affected by changes in elevation) of ecosystem functioning.  Thus, the details of these 
physical, biological and ecological processes operating within the marsh are not included 
in this conceptual model, but can be added as a module if that level of understanding is 
required. 
 
 

INTERFACES  
 
The model highlights attributes of the fundamental structural and functional ecotones of 
tidal marshes that we describe as Interfaces.  These represent a suite of physical boundary 
features of the system through which the effects of some drivers (e.g., water flow and 
associated material transport) on other components of the model can be modulated in 
ways that may be very specific to a situation, scale or location (Gosz 1991, Amoros et al. 
1996).  
 
Tidal marshes are transitional systems positioned between adjoining ecosystems with 
which they share usually permeable boundaries at said interfaces.  One can envision a 
number of such interfaces at different spatial scales, including air-water, sediment-air, 
sediment-water, etc.   In this conceptual model, we consider two broad categories of 
interfaces – terrestrial (or upland) and aquatic.  These are structural elements in the 
terrestrial-marsh-aquatic landscape that largely affect the flow of water and anything 
transported in that medium across tidal marsh boundaries, but may also be associated 
with the movement of terrestrial organisms (e.g., pathways used by  mammals to move 
between upland and intertidal ecosystems (Keusenkothen & Christian RR 2004, Talley et 
al 2006, and references therein) as well as aquatic organisms (e.g., rivulets and features of 
the tidal channel edges used by nekton to gain access to intertidal resources; Rozas et al. 
1988, Williams & Desmond 2001).  In some cases (e.g., marsh islands surrounded by 
water), there may be no terrestrial interface and so driver effects operating through the 
aquatic interface would dominate; for instance, many of the relict and restoring marshes 
in the Delta are islands, with hardened levee slopes constituting much of the interfaces 
with adjacent terrestrial or aquatic ecosystems (Mount & Twiss 2005, USFWS 2000). 
 



 

Tidal Marsh Conceptual Model - DRAFT  Page 3  
January 24, 2008  

Effects of drivers and the presence/amount of materials transported are modulated by the 
relative permeability of these interfaces (e.g., degree of shoreline armoring, such as 
levees or bulkheads, between the intertidal marsh and adjacent subtidal water bodies or 
the number and position of stormwater drainage channels at the upland interface) or the 
frequency and duration of exchange opportunities (i.e., water level flooding of tidal 
channels and the marsh plain).   For example, although there is not always an easily 
demonstrable link between anthropogenic alterations in estuarine landscape structure and 
the abundance of certain estuarine fish populations (Healey 1994), the use of dikes to 
impound tidal wetlands interrupts hydrologic exchanges across the terrestrial and aquatic 
interfaces with adjacent ecosystems and has been associated with profound effects on 
vegetation, topography and the composition of animal assemblages (Daiber 1982). Even 
partial exchanges through breached dikes or water control structures (e.g., tide gates), 
while enabling tidal exchange between the marsh and adjacent aquatic system, modify 
other interface elements such as overbank exchanges along the exterior (non-tidal 
channel) edge (Pethick 2002).  Therefore, the present conceptual model includes these 
interfaces as crucial filters (or modulators) on the driver effects connected with model 
outcomes.  Although there are other interfaces of potential importance in this system 
(e.g., atmosphere/water, water/soil, atmosphere/soil), they are not explicitly presented in 
the model. 
 
 

DRIVERS 
 
There are six primary drivers (or ‘limiting factors’) considered in this model: (1) tides; 
(2) freshwater flows (i.e., base/modified riverine flows and surface- and ground-water 
drainage from uplands surrounding the Delta); (3) nutrients and pollutants; (4) incident 
light [or solar radiation]; (5) marsh plain elevation; and, (6) waves, as shown in Figure 1.  
All affect some aspect of ecosystem stability, productivity or consumer access to the 
marsh, and particularly intertidal (marsh plain) resources.   
 
Hydrologic characteristics are the most fundamental driving forces in the development 
and functioning of wetlands (Mitsch & Gosselink 1993) and these are represented in the 
model by freshwater inputs, tidal flows, and wave energy.  In addition to the seasonal 
precipitation that falls directly on the marsh, the principal freshwater inflows occur from 
local and regional watershed sources that enter the system at both the terrestrial (e.g., 
surface flow, groundwater, stormwater, agricultural run-off, etc.) and aquatic interfaces 
(tidal riverine flows).  These flows are usually associated with seasonal and interannual 
variation in precipitation and snowmelt but also may be associated with management-
related flow manipulations, all of which vary in predictability.  Of particular importance 
from the standpoint of contributions of sediments, nutrients and some organisms and 
physical disturbance processes that influence marsh geomorphology are the occurrence 
and magnitude of flood events, especially when coincident with major tidal exchanges.  
As compared to the tidal riverine driver, the effects of freshwater flows on the structural 
characteristics and functionality of the terrestrial interface are understood to some degree 
and considered of moderate importance.   



 

Tidal Marsh Conceptual Model - DRAFT  Page 4  
January 24, 2008  

At the aquatic interface, there is an important and moderately understood link between 
tides and freshwater riverine flows that will modify water constituents, such as suspended 
sediments and salinity, and characteristics, such as temperature, depending on the mixture 
of freshwater and tidal volumes.  Also, variation in freshwater discharges changes the 
volume of the marsh watershed above and beyond the influence of tidal exchange and so 
has a potentially important effect on the depth and duration of tidal inundation at any 
given elevation within the marsh system.  The combined effects of the tidal and 
freshwater flows, along with wave energy, can have an important effect on the structure 
of the aquatic interface through erosion and sedimentation processes distributed along 
this interface; in some circumstances where the marsh interface is exposed to a 
navigational channel, vessel wakes can also affect sedimentation processes.  Despite a 
predictable seasonal signal, the effect of freshwater flow on tidal volume is considered 
relatively unpredictable because of extreme inter-annual variation in freshwater 
availability and especially flooding events.  Thus, the connection between freshwater 
flows and tides is shown as a dotted line (i.e., low predictability) but of high importance.  
The greater predictability of tidal pattern on factors such as the amount of extrinsic 
production imported to the tidal marsh system is reflected in the dashed line between 
tides and imported production.  Although it may also seem reasonable to use a solid line 
at this link, the unpredictable influence of freshwater flows on the relationship should be 
accommodated.  We have not shown the potential influence of water flow regulation on 
this process, which will likely increase the predictability, but decrease the variability, of 
the resulting flooding frequency and duration. 
 
Water fluxes across the terrestrial and aquatic interfaces transport nutrients (N, P, etc.), 
sediments, and pollutants (e.g., chemical pesticides, mercury, etc.) that are then taken up 
(or captured, in the case of sediments) by marsh primary producers and consumer 
populations via bioaccumulation. 
 
We have inserted a potentially important nexus (shown in the model as a red circle) at the 
aquatic interface that connects the structural features of the marsh edge with water 
characteristics that may modify the effects of tidal flows on the quantity or quality of 
production that is exported from the marsh system.  Natural, vegetated edges have an 
inherent permeability that to some degree alters the flux of nutrients, sediments and other 
constituents across that interface, primarily by vegetation uptake of nutrients and other 
constituents, consumer consumption of food particles, cross-boundary movement of 
organisms, and increased sediment settling.  Modified interfaces (e.g., dikes, dams, 
culverts) will limit permeability to the exchange of materials and organisms between the 
marsh and the distributary channels and open waters of the estuary (Sheaves et al. 2007).  
In such cases, the water characteristics on either side of the interface may be distinctly 
different.  In contrast, a relatively permeable structure of natural, interconnected channels 
and rivulets at the aquatic interface will tend to reduce differences on each side of the 
interface and enhance exchange of materials and organisms.  
 
Incident light from solar radiation has a crucial and well-understood effect on the growth 
of primary producers, although the effects of incident light on the activities and 
production of consumers is less well known.  Consequently, the blue arrow from incident 
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light to the structure and processes within the marsh system reflects a moderate 
understanding of the impact of incident light on the entire system (producers and 
consumers).  In addition, different types of primary producer (e.g., emergent vascular 
plants, phytoplankton, benthic algae, submerged aquatic vegetation [SAV]) have different 
light requirements for optimal photosynthetic activity.  A dotted blue arrow extending 
from the Marsh Structure and Processes box to incident light attempts to capture the 
shading effect (marsh architecture) of marsh plants (and perhaps animal populations) on 
the amount of incident light available for photosynthesis.  For example, a dense canopy 
of tall emergent vegetation will reduce the light available for production of benthic algae 
on the surface of the marsh.  In areas of high biomass, wrack, debris, dense populations 
of epiphytes, snails or other slow-moving or sessile animals covering the photosynthetic 
surfaces of vascular plants or SAV will likely reduce productivity.  We have also taken 
into account the effect of water characteristics on incident light, reflecting the process of 
light attenuation by water turbidity (suspended sediments).  If the water inflows or 
resuspension from the marsh is a source of suspended organic material, the turbid water 
can alter the photosynthetic activity of phytoplankton, macroalgae and SAV on the marsh 
plain or in adjacent creek channels. 
 
Marsh elevation together with variation in tides determines the inundation regime 
experienced by specific locations in the tidal marsh, which in turn is associated with 
virtually every aspect of the structure and functioning of this system.  The relationship 
between elevation and tidal inundation is crucially important, straightforward and well 
understood.  We have synopsized these processes under the Relative Surface Elevation 
Processes & Sediment Structure portion, delineated by a light blue dashed circle, of the 
Marsh Structure and Processes box.  Marsh surface elevation and surface sediment 
structure are the integrated, but spatially and temporally variable, outcome of these 
processes, influenced by the underlying geology of the substratum and varying with the 
balance between sea level rise, accretion or erosion of sediments and subsurface changes 
(root and rhizome production, decomposition) and subsidence that influences the surface 
elevation.  Except for sea level rise, these processes often are influenced principally by 
the composition and productivity of the living components of the marsh system.  
Emergent vegetation slows the flow of water over the marsh plain and promotes the 
process of sedimentation of suspended organic and inorganic particles carried into the 
marsh (especially along aquatic interfaces) by either surface freshwater flows across the 
terrestrial interface or tidal flows across the aquatic interface. Organic matter resulting 
mostly from the in situ production of plant biomass accumulates in marsh sediments and 
contributes to this accretion.  The structural support and growth of living roots and 
rhizomes of some robust vascular plant species also contribute to changing the elevation 
of the marsh substratum as well as other fine-scale structural features of the ecosystem, 
such as intertidal creek channels (Phillip & Field 2005, Teal & Weishar 2005) and 
aquatic features on the marsh plain (Hunter et al 2006).  This varies seasonally as a 
function of variable below-ground vegetation growth and decomposition of organic 
matter.  Consumption of these roots and rhizomes by terrestrial (e.g., birds and mammals) 
or aquatic (e.g., crabs) organisms, as well as diseases, drought or other factors that effect 
the robust growth of vascular marsh plants (e.g., brown marsh) can result in subsidence 
and reduction of marsh elevation.  The relative interaction of processes that increase and 
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decrease relative elevation of the marsh have been described in more detail in the Suisun 
Marsh Relative Surface Conceptual Model (SM RSE, Siegel unpubl.). 
 
 

INTERMEDIATE OUTCOMES 
 
The principal drivers act directly on a set of seven intermediate outcomes: (1) inundation 
regime; (2) a suite of water characteristics including but not limited to salinity, 
temperature, dissolved oxygen levels and turbidity; (3) emergent plant biodiversity and 
architecture; (4) in situ marsh production and biomass accumulation; (5) imported 
production; (6) aquatic animals; (7) terrestrial animals; and, (8) relative surface elevation.  
As described under Drivers, there are three additional intermediate outcomes that 
influence relative surface elevation: (9) accretion; (10) compaction and subsidence; (11) 
erosion and desiccation; and, (12) the subsurface component of in situ marsh production, 
biomass and decomposition.  Many of these intermediate outcomes are inter-dependent 
and operate as drivers themselves through feedback loops.  Thus, variation in 
intermediate outcomes is controlled both by interactions among multiple primary drivers 
and with each other to yield the final outcomes considered in this model. 
 
Inundation regime (frequency, duration and depth) is driven largely by elevation, 
freshwater inflow and and tidal cycles; effects can be modulated through the complexity 
of the physical structure at the aquatic interface.  Riverine flows also influences 
inundation regime by expanding or contracting the marsh tidal prism, and is influenced 
by tidal pumping of both surface waters and groundwater.  The inundation regime is a 
key feature of all intertidal wetland systems (Mitsch & Gosselink 1993) from which 
many characteristics and dynamics of the biological communities derive (e.g., Rozas 
1995, Kneib 1997).   
 
Dissolved oxygen (DO) is a key requirement of all aerobic processes that occur in the 
flooded portions of the tidal marsh and is influenced by circulation patterns, diffusion 
with the atmosphere, generation by living plants (in light), and the respiration of living 
aquatic organisms (plants, animals and microbes).  Behavior of mobile aquatic organisms 
(e.g., fishes) in response to DO levels can lead to short-term migrations into or out of 
marshes (diel light cycles) or seasonal use patterns (because DO levels are strongly 
affected by temperature) (Hackney et al. 1976).  The influx of organisms to dendritic 
(blind-ended) marsh channels, pools, and sloughs can also affect water quality through 
the consumption of oxygen and release of nutrients in the case of aquatic animals, or the 
production of oxygen and uptake of nutrients in the case of phytoplankton.  This accounts 
for the 2-way interaction between the water characteristics and imported production 
outcomes.  The effect of water characteristics on the immigration and survival of mobile 
organisms in tidal marsh channels is considered very important, moderately understood, 
and relatively predictable.  However, the effect of immigrating organisms on water 
characteristics is considered only moderately important and only moderately predictable 
because the relationship is likely very species-specific (e.g., rates of oxygen consumption 
and excretion rates of nitrogenous wastes vary considerably among species). Although 
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DO is also influenced to a lesser degree by salinity, that relationship was not considered 
to be sufficiently important in freshwater and oligohaline situations to merit specific 
treatment in this conceptual model. 
 
The combined effects of water characteristics and imported production are expected to 
have strong effects at multiple levels within the Marsh Structure and Processes box in 
terms of recruitment of plant and animal propagules and the well-known effects of water 
quality (e.g., DO, temperature, salinity) on physiological processes that affect survival 
and production of biotic populations during periods of tidal inundation.  Tidal water that 
inundates the marsh surface also functions much like the fluid in a heat exchange system, 
removing or contributing heat to the marsh depending on season or time of day; the 
effects of temperature on the physiology of most marsh plants and animals is generally 
well-known. 
 
The presence of emergent plants defines tidal marsh ecosystems, and plant biodiversity is 
strongly affected by salinity because salt-induces stresses through osmotic effects, toxic 
effects, and interference with nutrient uptake (Batzer & Sharitz 2006).  Consequently, 
tidal freshwater wetlands support much higher species richness than do saline marshes.  
Tidal inundation regime strongly influences horizontal zonation patterns in marsh plant 
communities (Batzer & Sharitz 2006).  Together, salinity and tidal inundation gradients 
are the primary drivers of plant community composition and structure in most marshes, 
but shoot density and productivity are dependent on availability of nutrients. 
 
In situ marsh production, biomass and decomposition is the largest ‘black box’ in the 
current model and includes all of the plant and animal production and respiration that 
occurs in the marsh.  It requires a submodel to describe the complex production dynamics 
that drive system photosynthesis, respiration and the accumulation of living organic 
matter, and so must be considered separately at a finer scale despite the simplicity of our 
diagram.  For purposes of the present model, this intermediate outcome serves as both a 
source (exports) and a sink (imports) for organisms and organic material in the estuarine 
landscape.  The production of plant biomass is related to the composition of the plant 
assemblages, competitive interactions among the species for space and nutrients and 
herbivory effects.  This can have strong feedback effects on production and standing 
stock biomass of living and dead plant tissues, consequently the boxes describing plant 
biomass and plant diversity/architecture are linked with a strong 2-way interaction.  
However, the effect of biomass production per se on the structure of the plant community 
is considered only moderately predictable because a variety of tidal marsh plant 
assemblages can be associated with either high or low annual production depending on 
edaphic and climatic conditions. 
 
Terrestrial animals (mammals [including humans], reptiles, birds, insects, etc.) cross the 
terrestrial interface with the tidal marsh to use the resources (food, refuge, and habitat) 
available there.  The type of resources that attract different species is wholly dependent 
on the structure and processes that occur within the marsh box, and so have low 
predictability in a general model.  Also, the existing knowledge about the use of tidal 
marshes by terrestrial species is limited, and so while there are several examples of 
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critical linkages between terrestrial organisms and marshes (e.g., see Carlton and Hodder 
2003 and references therein) the importance of this habitat for survival and productivity 
of most terrestrial species is uncertain and needs additional study. 
 
 

OUTCOMES 
 
Sub-system contributions: Habitat is defined by the place where a particular species 
normally lives (Calow 1998) and so marshes tend to be defined in the context of the 
organisms that utilize unique emergent vegetation that grows under certain hydrologic 
regimes at the transition between terrestrial and aquatic ecosystems.  However, many 
other species or certain life stages (often juveniles) are dependent upon - or at least use - 
portions of the tidal marsh for breeding, feeding or resting.  Consequently, the rationale 
for this outcome is founded in the role of tidal marshes in providing a portion of either 
the required habitat or niche of many other terrestrial and aquatic species.  For most 
species, the relative suitability of their habitat will be tied to the composition (and 
productivity) of the emergent plant assemblages and their structural attributes, 
particularly surface elevation.  For example, birds and small mammals that use marshes 
as breeding areas would require a plant canopy of sufficient density to provide protection 
from predators, sufficient height to avoid submergence of nests and young by flood tides 
but sufficient adjacent foraging areas. 
 
Animal biodiversity: The diversity of plant types along with embedded landscape 
elements (e.g., ponds and tidal channels) in freshwater tidal marshes provides complex 
structure that is believed to support a greater diversity of animals, especially birds and 
insects, than in saline marshes (Mitsch & Gosselink 1993).  In general, marshes with 
greater plant biomass and adjacent beds of submerged vegetation (Rozas & Odum 1987, 
Strayer & Malcolm 2007) have the potential to support greater productivity at higher 
trophic levels, thus both plant community composition and productivity contribute to the 
community structure and production of animal assemblages. This outcome also supports 
cultural and sociological functions, such as enhancing recreational opportunities (e.g., 
bird-watching, fishing, etc.) as well as opportunities for research, education and cultural 
preservation.   
 
Exported Production:  Although considerable marsh production is processed and 
remains within tidal marshes, which thus act as traps and sinks for estuarine production, 
marsh production is also exported and considered to subsidize the broader estuarine 
ecosystem (Howe and Simenstad 2007).  However, those materials that do leave the tidal 
marsh system tend to be of ‘high quality’ or special interest including living biomass such 
as fishes and migratory birds as well as both benthic (drift) and aerial (flying insects) 
invertebrates and zooplankton.  The process may be either active (seasonal migrations) or 
passive in various degrees (e.g., trophic relays such as described by Kneib 2000 or simply 
the passive transport of small organisms by water flow). Other exported materials such as 
detritus and live plant material, contribute in some degree to the base of the bentho-
pelagic, detritus-based food web in adjacent aquatic ecosystems.  Benthic algae and 



 

Tidal Marsh Conceptual Model - DRAFT  Page 9  
January 24, 2008  

phytoplankton may also be exported, but are likely imported as well, and the net direction 
of exchange is unclear.  Also, the effects may be either beneficial or harmful.  For 
example, in the presence of sufficient nutrients, toxic algal populations may incubate in 
stagnant ponded areas or poorly drained sloughs in tidal marshes and may be episodically 
released into the adjacent estuary by high tides or heavy rainfall (e.g., Lewitus et al. 
2003).  This is where the nexus (red circle in diagram) between structural elements of the 
aquatic interface and water characteristics, acting through tidal fluxes, can have an 
important but as yet poorly-understood (and so unpredictable) effect on the quality and 
quantity of production exported from the marsh. 
 

ARROWS 
(1) Estuarine ecosystems and associated biotic communities are profoundly 

influenced by freshwater inflow (e.g.,Meng et al. 1994, Kimmerer 2002a, Holland 
et al 2004, Kimmerer et al. 2005, Craft 2007).  Direct sources of freshwater input 
to intertidal wetlands include surface and subsurface flows (e.g., stormwater 
runoff, groundwater, agricultural runoff, etc.) draining from adjacent uplands.    
These types of local - usually unidirectional - flows pass through the interface at 
the  terrestrial boundary of the tidal marsh, altering hydrologic conditions and 
vegetation patterns, and transporting dissolved and suspended materials into the 
tidal wetland (for a general treatment of this topic see Amoros et al. 1996).  
Signals from these sources are detectable within the faunal components of tidal 
wetlands at the levels of individuals (e.g., chemical composition of tissues, 
Wigand et al. 2003) and communities (e.g., Holland et al. 2004).  However, 
relatively little is known about how the porosity (e.g., interface perforated by 
drainage channels, rooted vegetation, soil particle composition, etc) and structural 
configuration (e.g., slope, soils and geology, presence/absence of armoring, etc.) 
of terrestrial-marsh interface influences the effects of upland freshwater inputs 
into tidal wetlands.     

(2) Freshwater flows entering the subtidal estuary from its entire watershed (e.g., 
riverine flows) alter the volume of water in the estuary and modify the effects of 
tidal flows in the system.  For example, the estuarine salinity gradient changes in 
response to riverine freshwater flows into the estuary (Jassby et al. 1995, Monsen 
et al. 2007).  The volume of freshwater from this source could well determine the 
spatial extent of environmental conditions that favor development and persistence 
of oligohaline tidal marsh ecosystem in a region of the estuary.  It could also 
determine the frequency and depth of tidal inundation (i.e., greater volume in the 
estuary means more intertidal unundation), as well as the suitability of a site for 
the support of native versus invasive species (e.g., Moyle et al. 2007).  In the 
short term (e.g., during periods when water flows are controlled within an 
estuarine reach), the effects may be relatively predictable, but are much less 
predictable in the long term due to interannual variation in weather (e.g., 
precipitation events) and climate conditions (e.g., timing of snow-melt).  

(3) The arrow intersecting the Aquatic Interface represents that portion of freshwater 
flows (Arrow 2) carried by tidal action across the aquatic interface at the lower 
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boundary of the tidal marsh where it borders the subtidal estuarine environment.  
It does not represent that portion of the water column that remains in channels and 
sloughs at high tide.  Except in a turbulent mixing environment, the freshwater 
flows represented by Arrow 3 are expected to remain in the upper portion of the 
water column as the tide carries the water onto the marsh plain.  Consequently, 
the volume of freshwater entering the estuarine system can in part determine the 
characteristics of water to which the flora and fauna of the marsh plain are 
exposed at high tide. The composition and structural configuration of the aquatic 
interface (slope, permeability due to presence or absence of networked channels, 
and/or the composition of the interface [ e.g., rip-rap, earthen dikes, sand/mud] 
may modify some of the water characteristics as the tide filters through this edge 
environment (e.g., USFWS 2000). 

(4) Materials dissolved and suspended in the water (Arrow 3), originating from a 
variety of sources in the estuarine watershed (e.g., Holland et al. 2004, Deegan et 
al. 2007, Smalling et al. 2007), passes through the filter of the Aquatic Interface 
and contribute to the pool of nutrients, pollutants and sediments entering the 
vegetated tidal marsh.   

(5) Commensurate with the process described by Arrow 4, materials dissolved and 
suspended in the water originating from the adjacent terrestrial  landscape (Arrow 
1) pass through the filter of the Terrestrial Interface and contribute to the pool of 
nutrients and pollutants entering the vegetated tidal marsh.  

(6) The influx of terrestrial animals (mammals, insects, spiders, reptiles, birds, etc) 
that cross the terrestrial interface (often via established pathways, runways, etc) to 
use the resources of the tidal marsh may have a variety of disturbance impacts on 
the system that are poorly understood, but are likely of relatively low importance 
in most circumstances.  Tidal marshes are the principal habitat for relatively few 
terrestrial animals (e.g., rice rats, see Sharp 1967, Kruchek 2004), but terrestrial 
mammals and birds visit this habitat with sufficient frequency to have at least a 
local influence on the composition and quantity of vegegation and biota. 
Trampling by larger mammals (e.g., deer) can affect both above and below-
ground production of marsh plant species, but such effects are generally isolated 
to discrete patches of habitat adjacent to uplands or isolated marsh hammocks 
(Keusenkothen & Christian 2004).  Major seasonal disturbances of salt and 
brackish marsh vegetation (e.g., in the form of “eat-outs”) are known to occur as a 
result of feeding flocks of migratory birds such as the greater snow goose 
(Mitchell et al. 2006).  

(7) The outflux of terrestrial animals returning to adjacent upland habitats through the 
terrestrial interface after using the resources of the tidal marsh is a sink of 
exported marsh-derived biomass and nutrients to adjacent systems.  This is not a 
topic that is well-documented in the literature (Traut 2005).  However, because 
the tidal marsh is a challenging environment for most terrestrial species, 
especially small mammals (Shure 1971, Martin et al. 1991), these exports are 
expected to be relatively minor and of marginal importance, except perhaps in the 
case of seasonal migratory populations of birds (see above).  
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(8) Some of the marsh production consumed by terrestrial animals will be deposited 
in adjacent upland ecosystems through the excretion of wastes and death of 
organisms, a portion of which likely contributes to the terrestrial nutrient and 
detritus pools. If not sequestered by the biological components of the terrestrial 
ecosystem, these nutrients and organic matter will be transported to the tidal 
marsh via freshwater flows (Arrow 14) across the terrestrial interface.  This 
source of returning nutrients is not well researched, but is likely to be of low 
importance and predictability. 

(9) Tidal action influences the characteristics and constituents of the water available 
to flood the surface of the tidal marsh by resuspending sediments and contributing 
to turbulence that mixes the water column in portions of the estuary.  Tidal action 
interacts with freshwater flows to determine the location of important biological 
dynamic nodes within the system, such as the estuarine turbidity maximum 
(ETM); in the San Francisco Bay/Sacramento-San Joaquin Estuary, the location 
of a 2‰ isohaline at the bottom of the water column (determined in part by tidal 
action has been associated with the ETM and several important measures of 
biological activity (Jassby et al. 1995).  

(10) Tidal cycles, in concert with freshwater flows (Arrow 2) directly determine the 
inundation regime (frequency, duration and depth of flooding) experienced by 
intertidal ecosystems (including tidal marshes).  The tide is the principal physical 
driver that interacts with topography (i.e., elevation) to determine the inundation 
regime (e.g., spring tides flood the marsh surface longer and deeper than neap 
tides) experienced by the tidal marsh and all of its biotic components.  Such 
hydrologic relationships are well-understood, crucially important, and are among 
the most predictable dynamic components of the estuarine system that defines a 
tidal wetland (Reed 1993). 

(11) (a) Tides also provide an important driver for the movements of nekton from the 
open estuary, channels and sloughs into their habitats within or adjacent to tidal 
marshes.  The relationship is neither simple nor clearly understood, particularly 
for oligohaline and freshwater tidal marshes. Based on the current scientific 
literature and our research observations, we have depicted nekton movement as 
being mediated through an important nexus involving species- and size-specific 
behavioral responses of nekton (because nekton, by definition, are capable of self-
directed movements against currents) to the structural configuration of the aquatic 
interface (Williams & Zedler 1999, Desmond et al. 2000) and the characteristics 
of water quality surrounding the tidal marsh habitat. 

Estuarine nekton enter intertidal marsh environments in predictable species- and 
size-specfic patterns on rising tides (e.g., Kneib & Wagner 1994, Bretsch & Allen 
2006), with the timing (stage of tide and duration of stay) likely related to relative 
levels of risk aversion to tidal stranding (Kneib 1995), physiological responses to 
water quality (Kirby-Smith et al. 2003), especially dissolved oxygen levels (Bell 
& Eggleston 2005, Tyler & Targett 2007), and/or perceived or actual risk of 
predation. 
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(b) Nekton follow the receding tides out of marshes in similar species- and size-
specific patterns of progression into permanent subtidal waters or intertidal 
refugia (see Kneib 1997). 

These bi-directional tidal migrations also affect water characteristics in and 
around the marsh because large numbers of nekton consume oxygen, excrete 
measurable levels of nutrients (Haertel-Borer et al. 2004), and their feeding 
activities may contribute to sediment resuspension (Smith & Merriner 1985, 
Palmer 1988).  The complexity of the interactions involving nekton activity, 
structural configuration of the aquatic interface and water quality characterisitics 
are of potentially great importance to the functioning of tidal marsh systems, but 
are neither well-understood nor predictable in the Bay/Delta system. 

(12) Contributions of nekton activity to available nutrient, pollutant and sediment 
pools available for transport into the tidal marsh (as mentioned for arrow #11b, 
above) are only moderately understood and only as predictable as the 
presence/abundance of nekton populations at a particular site. 

(13) The effects of nekton on Marsh Structure and Processes are very species-specific 
and so inputs should be entered through individual species models.  For example, 
(as described for arrow #11a, above) some species (mostly marsh residents) enter 
the intertidal marsh as soon as the tide allows, while others (e.g., seasonal 
migrants, such as juvenile salmon, or occasional visitors) enter late in the flooding 
tide and leave early on the ebb, often as a consequence of differential tolerances 
to the risk of stranding.  

(14) Much of the nutrients and pollutants carried in the waters that enter the marsh 
across both the Terrestrial and Aquatic interfaces are assimilated and accumulate 
in marsh plant and animal tissues.  This is a well-established, predictable and 
important consequence of water flows into tidal marshes (e.g., Wigand et al., 
2003, Holland et al. 2004, Craft 2007, Deegan et al. 2007, Smalling et al. 2007).  
However, some nutrients such as ammonia and nitrate can also enter the marsh 
predominantly by bulk precipitation (Jordan et al. 1983).  In addition, unvegetated 
mudflats (not included in Marsh Structure and Processes), that are relatively rare 
in mature marsh ecosystems but quite common in restoring wetlands in the Delta, 
may be much larger sinks for nutrients than the vegetation marsh (ibid).  Nutrients 
and pollutants are also exported from the marsh, both in terms of the residual not 
assimilated/accumulated in the marsh and also that generated by the marsh.  The 
net flux of nutrients can vary, depending on the tidal regime, composition of 
marsh flora and fauna, and freshwater contributions, but tidal emergent marshes 
have been found to be net annual exporters of nitrogen species (Valiela et al. 
1978) but have been found to be nitrate + nitrite sinks in other situations 
(Spurrier, JD & Kjerfve 1988).  Thus, the predictability of the overall effect of 
nutrient flux is low due to the variability in both the nutrient inputs and the 
structure of the marsh vegetation and substrate. 

(15) In addition to providing the principal mechanism for the flux of nekton 
populations into and out of tidal marsh habitats, the interaction of tides and 
freshwater flows in the estuary also provide a mechanism by which planktonic 
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organisms and early life stages (eggs/larvae, plant propagules, etc) of larger 
aquatic and marine organisms enter the marsh system as other imported 
production. The relative contributions of freshwater inputs from different portions 
of the watershed determine the pool of potential external production available for 
importation to the tidal marsh proper with each tide (e.g., allochthonous organic 
material such as detritus of marine or terrestrial origin).  

(16) Water flows (primarily tides, but also storm runoff across the marsh plain) 
interacting with the structural characteristics of the aquatic interface can affect the 
timing and amount of marsh production that is exported. While both channelized 
and sheet flow can export production, especially on spring tides, modified 
marshes have more restricted Aquatic Interfaces that are much more restrictive 
except during extreme events.  For example, strong spring tides that occur with 
high seasonal riverine flows may overtop a dike, weir, or other barrier at the 
boundary of the tidal marsh and open estuary, thus allowing the escape of a pulse 
of materials (detritus), nekton or aquatic insects that might otherwise remain 
confined to the boundary of the tidal marsh.  The interaction of tidal activity with 
the composition and configuration of the aquatic interface (e.g., unaltered channel 
edge versus a diked or otherwise altered edge) represents a potentially important, 
but poorly understood nexus that has a strong effect on the ability of aquatic 
animals to gain access to tidal marsh plain.  

(17) The water quality conditions experienced by organisms that passively enter the 
system with inflows of tidal or other directional aquatic flows will determine, in 
part, whether or not they survive, grow, or reproduce in the marsh system. 
Individual species responses and physiological tolerances to interactions between 
variations in tidal flooding and salinity are likely to determine the species 
composition, productivity and sustainability of oligohaline tidal marsh systems 
(Spalding & Hester 2007). Water quality conditions in the shallow channels and 
sloughs associated with the tidal marsh can be quite different from those in the 
open estuary.  The predictability and understanding of the effects of water quality 
characteristics on external production that is ultimately imported to tidal marshes 
of the Bay/Delta, is relatively low.    

(18) Except perhaps for the colonization of plants that define the marsh ecosystem, and 
the introduction of exotic species that can profoundly alter the structure and 
function of the marshes, the importance of other imported production to marshes 
of the Bay/Delta is not known. 

(19) (a) Flux of solar energy is critically important to marsh primary production and 
influences the activities of marsh animals as well.  The relative contributions of 
benthic algae and vascular plants to marsh primary production and the relative 
importance of different pathways (e.g., herbivory versus detritivory) to marsh 
secondary production (e.g., Kneib 2003, Janousek et al. 2007) make the 
availability of light a complicated issue in this system.  For example, some 
species of benthic algae, and much of the microbial assemblage, have higher rates 
of productivity under conditions of diffuse insolation than in direct sunlight, as 
when the soil is shaded by emergent vascular plants.   The productivity of 
different species of vascular plants in tidal wetlands also varies due to different 
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optimal light (and temperature) levels. The structure and species composition of 
mostly plants, but also some of the larger slow moving animals of the tidal marsh 
(e.g., snails, clumps of bivalves), may affect the amount of incident solar radiation 
that impacts sediment and leaf surfaces, which affects the productivity of a 
portion of the primary producers.  The effect of shading may reduce productivity 
of some species (e.g., mostly emergent vascular plant species), but may enhance 
the productivity of other more shade tolerant species (e.g., benthic diatoms), and 
so the effect on overall productivity is not very predictable. 

(b) The structure of the marsh community, especially plant species composition 
and growth forms, as well as the presence of abundant epiphytes or slow-
moving/sessile mollusks can reduce the amount of incident insolation received by 
other flora and fauna in the tidal marsh system.  The importance and predictability 
of this feedback is likely minor in most tidal marsh systems, but may have a 
limited effect on biodiversity and total primary and secondary production from 
the ecosystem. 

(20) Wave energy and heavy rainfall have erosive effects not only on the aquatic 
interface of established marshes, but may also impair the establishment and 
growth of young tidal marsh plants with undeveloped root systems even at 
considerable distances from the marsh edge (Mwamba & Torres 2002). 

.(21)  Erosion and dessication can reduce marsh production and biomass along the 
edges of the tidal marsh, and prevents the recruitment of plant seedlings the 
growth of which would tend to stabilize banks and channel edges. Removal of 
plant biomass by erosion may also have a positive effect by maintaining 
hydrologic flows through channels which otherwise might be blocked by plant 
growth (e.g., Phragmites example from NJ or something from CA if appropriate) 

(22)  Erosion has a negative, but generally unpredictable effect on net accretion.  The 
uncertainty is associated with the less than predictable frequency and intensity of 
erosive forces (e.g., wind and rainfall).   

(23)  Development and sustainability of tidal marshes depends on the accumulation of 
sufficient sediment to maintain an appropriate level of elevation relative to tidal 
inundation (i.e., keeping up with relative sea level rise; Patrick & DeLaune 1990; 
Warren and Niering 1993).  Once an emergent marsh is established this can occur 
through the passive accumulation of suspended sediments during tidal flooding 
(arrow #14) and the reduction of currents flowing across the vegetated marsh 
plain and subsequent settling of suspended sediments and other material, the 
active capture of deposition of sediments by filter-feeding organisms (e.g., 
bivalves) or the accumulation of organic matter from plant production.  Thus, 
marsh production, biomass accumulation and decomposition processes contribute 
to both the source of accreting organic matter and enhancement of settling; a 
source of sediments (terrestrial or aquatic) is all that is necessary. 

The accumulation of organic matter from above- and below-ground plant 
production and subsequent rates of decomposition is an important source of 
material in established marshes.  Rates of decomposition, especially in below-
ground production, differ substantially along a salinity gradient.  Below-ground 
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decomposition rates are substantially slower in tidal freshwater marshes (Craft 
2007), and consequently this is often the dominant mechanism of accretion in 
those marshes.  Decomposition rates are greater at higher salinities and there is a 
shift toward the importance of trapping suspended sediments (via both passive—
reductionreduction of current flows—and active—filter-feeding organisms—
mechanisms) as the principal means of accretion in salt marshes. This also 
explains why freshwater tidal marsh plains tend to be relatively flat while tidal 
salt marshes often exhibit distinct elevation gradients and include features such as 
natural levees along tidal creek channels (Odum 1988). 

(24)  Sediments that accrete on marsh plains tend to compact over time, with the degree 
of compaction related to sediment composition (Patrick & DeLaune 1990).  
Sediments with high organic content, such as occur in tidal freshwater marshes 
tend to exhibit greater compaction over time due to microbial decomposition and 
the capacity for fine-grain sediments (e.g., silts and clays) to become more 
compact (Mount & Twiss 2005).  Existing marshes deprived of an external source 
of sediments by artificial dikes and levee systems (Mount & Twiss 2005), or by 
deep dredging of adjacent tidal channels, often subside considerably as a result of 
compaction and the disruption of the delicate balance between sediment accretion, 
compaction and erosion that determines relative elevation over time. 

(25)  (a) Sediment accretion has an unpredictable, but potentially important effect on 
marsh animal species composition and production that is not well understood.  
This is particularly true for predicting the potential success of invasive species.  
For example, the deposition of large amounts of fine sediments could ihibit 
recruitment or smother settled larvae or interfere with the ability of small filter-
feeders to maintain themselves in the marsh system. 

(b) There are potential positive effects of filter-feeding organisms, in particular, 
on accretion rates (e.g., deposition of pseudofeces and binding of sediments) that 
contribute to the building and maintenance of the marsh plain, by sequestering 
and consolidating settled materials in pseudofeces or covered by extracellular 
material.  In contrast, burrowing activities of other species, such as crabs 
(Rudnick et al. 2005) can quickly counter the effects of accretion and cause 
erosion and slumping of tidal marsh creek banks.. 

(26)  Compaction of sediments provides some resistance to erosion, but is likely of 
minor importance compared to other factors.  Erodability of the marsh substratum 
is determined more  by sediment composition (sediments with high organic 
content tend to erode more easily),  the robustness of rooted vegetation, and the 
strength of the erosive forces from stormwater inputs across the terrestrial 
interface, sediment resuspension by rain (Torres et al. 2004) or animal activities 
(e.g., crab burrows, Rudnick et al. 2005), wind-driven waves or tidal flows (Wood 
& Widdows 2002).  Sediments of freshwater marshes tend to be more easily 
eroded than those of saline marshes because there is generally a lower root 
biomass (i.e., bulk density) (Odum 1988, Craft 2007) and finer particle size (i.e., 
lower sand content) in freshwater marsh substrata. 
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(27)  (a) Comparable to accretion processes, compaction of sediments and subsidence 
may also influence the biodiversity and production of certain smaller animal 
species in the marsh system by interfering with their ability to burrow into the 
marsh sediments or altering the flooding regime, changing the suite of 
competitors and predators or altering food delivery. 

(b) However, as with accretion (arrows #25a&b), burrowing and feeding activities 
of certain faunal groups may have either a positive or negative effect on 
compaction. Thus, these effects, though of potential moderate importance to the 
structure and functioning of the marsh system, are not predictable without 
knowledge of the existing assemblages.  

(28)  (a) Marsh plant production and the translocation of below-ground biomass can 
have a strong effect on emergent plant diversity and architecture (e.g., density of 
above ground shoots and plant height often correspond to the amount of 
production and biomass stored below-ground). 

(b) There is a reciprocal effect of plant diversity on production and biomass 
through positive interactions (Bertness & Shumway 1993) among species and 
growth forms that alter microclimate and edaphic factors.  

(29)  The amount of plant production available directly influences the potential to 
support the production of motile secondary consumer populations (e.g., Kneib 
2003).  There are a number of mechanisms, most notably through the local 
provision of organic matter for detritivores. 

(30)  A direct positive relationship between plant diversity or complexity of plant 
architecture is related to the provision of more niche space and diversity among 
the animal components of the marsh.  

(31) The composition of marsh flora and fauna, their productivity, and metabolic 
activity (e.g., respiration) all influence the characteristics of tidal water that 
periodically floods and drains the marsh.  For example, water that is distributed 
over the marsh surface on neap tides will be shallower than on higher amplitude 
spring tides and so will warm more rapidly during the day and cool more rapidly 
at night.  This in turn would have an effect on dissolved oxygen concentrations 
and perhaps salinity in cases where evaporation is an issue (e.g., shallow marsh 
pools).  

(32) One of the more important products of the various abiotic and biotic processes 
included in Marsh Structure and Processes (arrows #20-#30) is the dynamic 
maintenance of the marsh elevation. The elevation will vary on a seasonal basis, 
commensurate with variability in suspended sediment inputs to the marsh, marsh 
plant productivity, climate events, etc. 

(33)  Elevation has an important, well-understood and very predictable effect on the 
inundation regime of tidal marshes.  The relationship between elevation and the 
frequency and duration of tidal inundation is the basis for our understanding of 
many zonation patterns in tidal marshes (Daiber 1982).  

(34)  In situ marsh production of plants and animals together with all of the biotic and 
abiotic processes that structure the ecological interactions within this environment 
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(including the amount of marsh production that is used in place or sequestered) 
determine the potential amount of production that is available for export as either 
living, mobile organisms, as well as passively transported production in the form 
of plankton or detrital production. This arrow represents the export of all marsh 
production other than that exiting the system through mobile populations of larger 
nektonic species, which are described by Arrow #16.  The aquatic interface is not 
considered important in the export of organic matter of marsh origin in Arrow #34 
because the material moves passively with water flows exiting the tidal marsh to 
the open estuary.  

(35)  Mercury is a pollutant of special interest in the Bay/Delta, and here the output 
from the DRERIP mercury model is linked to the pollutant pool of the present 
model. 

 
 

ADDITIONAL SUB-MODELS AND ELEMENTS THAT 
COULD BE INCORPORATED IN FUTURE ITERATIONS 
 

• Tropho-dynamic model of ecological interactions linking primary production to 
the food web structure and production flows into, through, and out of the tidal 
marsh system. 

 
• Landscape-level models that address the effects of variation in structural features 

of the tidal marsh environment (e.g., tidal channel complexity, channel width, 
channel length, edge:area ratios, etc.) on the population or production dynamics of 
specific plants and animals 

 
• Additional modular docking links to integrate other component models with the 

general tidal marsh model.  These links would identify the most effective points 
within the tidal marsh model structure to input the outcomes from other DRERIP 
models. 

 



 

Tidal Marsh Conceptual Model - DRAFT  Page 18  
January 24, 2008  

References 
 
Allen LG (1982) Seasonal abundance, composition and productivity of the littoral fish 
assemblage in upper Newport Bay, California.  Fishery Bulletin 80:769-790. 
 
Amoros C, Gibert J & Greenwood MT (1996) Interactions between units of the fluvial 
hydrosystem, pp 184-210 In: Petts GE & Amoros C (eds) Fluvial hydrosystems, 
Chapman & Hall, London. 
 
Batzer DP & Sharitz RR (2006)  Ecology of freshwater and estuarine wetlands.  
University of California Press, Berkeley, California. 
 
Bell GW & Eggleston DB (2005) Species-specific avoidance responses of blue crabs and 
fish to chronic and episodic hypoxia.  Marine Biology 146:761-770. 
 
Bennett WA (2005) Critical assessment of the delta smelt population in the San Francisco 
Estuary, California. San Francisco Estuary & Watershed Science. Vol. 3, Issue 2 
[September 2005]. Article 1. 
 
Bertness, MD & Shumway SW (1993) Competition and facilitation in marsh plants. The 
American Naturalist. 142:718-724. 
 
Bretsch K & Allen DM (2006) Effects of biotic factors on depth selection by salt marsh 
nekton. Journal of Experimental Marine Biology & Ecology 334:130-138. 
 
Brown LR (2003) A summary of the San Francisco tidal wetlands restoration series. San 
Francisco Estuary & Watershed Science. Vol. 1, Issue 1 [October 2003]. Article 6. 
 
Brown LR & May JT (2006) Variation in spring nearshore resident fish species 
composition and life histories in the lower Sacramento-San Joaquin watershed and delta. 
San Francisco Estuary & Watershed Science. Vol. 4, Issue 2 [September 2006]. Article 1. 
 
Buzzelli C, Holland FA, Sanger DM & Conrads PC (2007) Hydrographic 
characterization of two tidal creeks with implications for watershed land use, flushing 
times, and benthic production.  Estuaries and Coasts  30:321-330. 
 
Callaway JC (2001) Hydrology and substrate, (Chapter 3) pp. 89-117 In: Zedler JB (ed) 
Handbook for restoring tidal wetlands. CRC Press, Boca Raton, Florida. 
 
Calow P (1998) The encyclopedia of ecology and environmental management. Blackwell 
Science Ltd., Oxford. 
 
Chanton J & Lewis FG (2002) Examination of coupling between primary and secondary 
production in a river-dominated estuary: Apalachicola Bay, Florida, U.S.A. Limnology 
and Oceanography 47:683-697. 



 

Tidal Marsh Conceptual Model - DRAFT  Page 19  
January 24, 2008  

 
Carlton J T & Hodder J (2003) Maritime mammals: terrestrial mammals as consumers in 
marine intertidal communities. Marine Ecology-Progress Series 256:271-286. 
 
Castellanos DL & Rozas LP (2001) Nekton use of submerged aquatic vegetation, marsh, 
and shallow unvegetated bottom in the Atchafalaya River delta, a Louisiana tidal 
freshwater ecosystem.  Estuaries 24:184-197. 
 
Chapman, VJ (1960) Salt marshes and salt deserts of the world. Leonard Hill, London.  
 
Chapman, VJ (1976) Coastal vegetation., 2nd edition, Pergamon Press, Oxford. 
 
Costanza R, d’Arge R, de Groot R, Farber S, Grasso M, Hannon B, Limburg K, Naeem 
S, O’Neill RV, Paruelo J, Raskin RG, Sutton P & van den Belt M (1997) The value of the 
world’s ecosystem services and natural capital.  Nature 387:253-260. 
 
Craft C (2007) Freshwater input structures soils properties, vertical accretion, and 
nutrient accumulation of Georgia and U.S. tidal marshes.  Limnology and Oceanography 
52:1220-1230. 
 
Daiber FC (1982) Animals of the tidal marsh. Van Nostrand Reinhold Company, New 
York. 
 
Deegan LA, Bowen JL, Drake D, Fleeger JW, Friedrichs CT, Galvan KA, Hobbie JE, 
Hopkinson, CS, Johnson DS, Johnson JM, LeMay LE, Miller E, Peterson BJ, Picard C, 
Sheldon S, Sutherland M, Ballino J & Warren RS (2007) Susceptibility of salt marshes to 
nutrient enrichment and predator removal. Ecological Applications 17(Suppl):S42-S63. 
 
Desmond JS, Zedler JB & Williams GD (2000) Fish use of tidal creek habitats in two 
southern California salt marshes.  Ecological Engineering 14:233-252. 
 
Ewel KC, Cressa C, Kneib RT, Lake PS, Levin LA, Palmer MA, Snelgrove P & Wall DH 
(2001) Managing critical transition zones. Ecosystems 4:452-460. 
 
Feyrer F, Nobriga ML & Sommer TR (2007) Multidecadal trends for three declining fish 
species: habitat patterns and mechanisms in the San Francisco Estuary, California, USA. 
Canadian Journal of Fisheries and Aquatic Science 64:723-734. 
 
Gillett DJ, Holland AF, Sanger DM (2007) On the ecology of oligochaetes: monthly 
variation of community composition and environmental characteristics in two South 
Carolina tidal creeks.  Estuaries and Coasts 30:238-252. 
 
Gosz JR (1991) Fundamental ecological characteristics of landscape boundaries, pp 8-30 
In: Holland MM, Risser PG & Naiman RJ (eds) Ecotones: the role of landscape 
boundaries in the management and restoration of changing environments, Chapman & 
Hall, New York. 



 

Tidal Marsh Conceptual Model - DRAFT  Page 20  
January 24, 2008  

 
Hackney CT, Burbanck WD & Hackney OP (1976) Biological and physical dynamics of 
a Georgia tidal creek. Chesapeake Science 17:271-280. 
 
Haertel-Borer SS, Allen DM & Dame RF (2004) Fishes and shrimps are significant 
sources of dissolved inorganic nutrients in intertidal salt marsh creeks.  Journal of 
Experimental Marine Biology and Ecology 311:79-99. 
 
Hampel H, Cattrijsse A & Vincx M (2003) Habitat value of a developing estuarine 
brackish marsh for fish and macrocrustaceans.  ICES Journal of Marine Science 60:278-
289. 
 
Healey MC (1994) Effects of dams and dikes on fish habitat in two Canadian river deltas, 
pp. 385-398 In: Mitsch WJ (ed) Global wetlands: Old World and New. Elsevier Science 
B.V., Amsterdam, The Netherlands. 
 
Holland AF, Sanger DM, Gawle CP, Lerberg SB, Santiago MS, Riekerk GHM, 
Zimmerman LE & Scott GI (2004) Linkages between tidal creek ecosystems and the 
landscape and demographic attributes of their watersheds. Journal of Experimental 
Marine Biology & Ecology 298:151-178. 
 
Hood WG (2007) Large woody debris influences vegetation zonation in an oligohaline 
tidal marsh. Estuaries and Coasts 30:441-450. 
 
Howe, ER & Simenstad CA (2007) Restoration trajectories and food web linkages in San 
Francisco Bay’s estuarine marshes: a manipulative translocation experiment.  Marine 
Ecology Progress Series 351:65-76, 
 
Hunter KL, Fox DA, Brown LM & Able KW (2006) Responses of resident marsh fishes 
to stages of Phragmites australis invasion in three mid-Atlantic estuaries.  Estuaries & 
Coasts 29:487-498. 
 
Janousek CN, Currin CA & Levin LA (2007) Succession of microphytobenthos in a 
restored coastal wetland.  Estuaries and Coasts 30:265-276. 
 
Jassby AD, Cloern JE & Cole BE (2002) Annual primary production: patterns and 
mechanisms of change in a nutrient-rich tidal ecosystem.  Limnology & Oceanography 
47:698-712. 
 
Jassby AD, Kimmerer WJ, Monismith SG, Armor C, Cloern JE, Powell TM, Schubel JR 
& Vendlinski TJ (1995) Isohaline position as a habitat indicator for estuarine populations. 
Ecological Applications 5:272-289. 
 
Jordan TE, Correll DL, & Whigham DF (1983) Nutrient flux in the Rhode River: tidal 
exchange of nutrients by brackish marshes. Estuarine, Coastal and Shelf Science 17: 651-
667. 



 

Tidal Marsh Conceptual Model - DRAFT  Page 21  
January 24, 2008  

 
Josselyn M (1983) The ecology of San Francisco Bay tidal marshes: a community profile. 
U.S. Fish & Wildlife Service, Division of Biological Services, Washington, DC.  
FWS/OBS-83/23. 102p. 
 
Keusenkothen MA & Christian RR (2004) Responses of salt marshes to disturbance in an 
ecogeomorphological context, with a case study of trampling by deer, pp. 203-230 In: 
Fagherazzi S, Marani M & Blum LK (eds) The ecogeomorphology of tidal marshes, 
Coastal and estuaries studies series 59, American Geophysical Union, Washington, DC. 
 
Gabet, EJ (1998) Lateral migration and bank erosion in a salt marsh tidal channel in San 
Francisco Bay, California. Estuaries 21:745-753. 
 
Kimmerer WJ (2002a) Physical, biological, and management responses to variable 
freshwater flow into the San Francisco Estuary. Estuaries 25:1275-1290. 
 
Kimmerer WJ (2002b) Effects of freshwater flow on abundance of estuarine organisms: 
physical effects or trophic linkages? Marine Ecology Progress Series 243:39-55. 
 
Kimmerer WJ, Murphy DD & Angermeier PL (2005) A landscape-level model for 
ecosystem restoration in the San Francisco Estuary and its watershed. San Francisco 
Estuary & Watershed Science. Vol. 3, Issue 1 [March 2005]. Article 2. 
 
Kirby-Smith WW, Lebo ME & Herrmann RB (2003) Importance of water quality to 
nekton habitat use in a North Carolina branch estuary.  Estuaries 26:1480-1485. 
 
Kirwan ML & Murray AB (2007) A coupled geomorphic and ecological model of tidal 
marsh evolution.  Proceedings of the National Academy of Sciences 104:6118-6122. 
 
Kneib RT (1994) Spatial pattern, spatial scale, and feeding in fishes, pp 171-185 In: 
Stouder DJ, Fresh KL & Feller RJ (eds) Theory and application in fish feeding ecology, 
Belle W. Baruch Library in Marine Science Number 18, University of South Carolina 
Press, Columbia, South Carolina. 
 
Kneib RT (1995) Behaviour separates potential and realized effects of decapod 
crustaceans in salt marsh communities.  Journal of Experimental Marine Biology & 
Ecology 193:239-256. 
 
Kneib RT (1997) The role of tidal marshes in the ecology of estuarine nekton. 
Oceanography and Marine Biology: an Annual Review 35:163-220. 
 
Kneib RT (2000) Salt marsh ecoscapes and production transfers by estuarine nekton in 
the southeastern United States, pp. 267-291 In: Weinstein, MP & Kreeger DA (eds) 
Concepts and controversies in tidal marsh ecology.  Kluwer Academic Publishers, The 
Netherlands. 
 



 

Tidal Marsh Conceptual Model - DRAFT  Page 22  
January 24, 2008  

Kneib RT (2003) Bioenergetic and landscape considerations for scaling expectations of 
nekton production from tidal marshes.  Marine Ecology Progress Series 264:279-296. 
 
Kneib RT & Wagner SL (1994) Nekton use of vegetated marsh habitats at different 
stages of tidal inundation.  Marine Ecology Progress Series 106:227-238. 
 
Lawrence DSL, Allen JRL & Havelock GM (2004) Salt marsh morphodynamics: an 
investigation of tidal flows and marsh channel equilibrium. Journal of Coastal Research 
20:301-316. 
 
Levin LA, Boesch DF, Covich A, Dahm C, Erseus C, Ewel KC, Kneib RT, Moldenke A, 
Palmer MA, Snelgrove P, Strayer D & Weslawski JM (2001) The function of marine 
critical transition zones and the importance of sediment biodiversity.  Ecosystems 4:430-
451. 
 
Levin LA & Talley TS (2000) Influences of vegetation and abiotic environmental factors 
on salt marsh invertebrates, pp 661-707 In: Weinstein, MP & Kreeger DA (eds) Concepts 
and controversies in tidal marsh ecology.  Kluwer Academic Publishers, The 
Netherlands. 
 
Lewitus AJ, Schmidt LB, Mason LJ, Kempton JW, Wilde SB, Wolny JL, Williams BJ, 
Hayes KC, Hymel SN, Keppler CJ, Ringwood AH (2003) Harmful algal blooms in South 
Carolina residential and golf course ponds.  Population and Environment 24:387-413. 
 
Lund J, Hanak E, Fleenor W, Howitt R, Mount J, Moyle P (2007) Envisioning futures for 
the Sacramento-San Joaquin Delta. Public Policy Institute of California, San Francisco. 
 
Martin RP, Hamilton RB, McKenzie PM, Chabreck RH & Dell, DA (1991) Habitat use 
by small mammals in coastal marshes of southwestern Louisiana.  Estuaries 14:107-110. 
 
Meng, L, PB Moyle and Herbold B (1994) Changes in abundance and distribution of 
native and introduced fishes of Suisun Marsh. Transaction of the American Fisheries 
Society 123:498-507. 
 
Middaugh DP (1981) Reproduction ecology and spawning periodicity of the Atlantic 
silverside, Menidia menidia (Pisces: Atherinidae). Copeia 1981:766-776. 
 
Mitchell LR, Gabrey S, Marra PP & Erwin RM (2006) Impacts of marsh management on 
coastal-marsh bird habitats, pp. 155-175, In: Greenberg R, Maldonado JE, Droege S & 
McDonald MV (assoc. eds.) Terrestrial vertebrates of tidal marshes: evolution, ecology 
and conservation.  Studies in Avian Biology No. 32, Cooper Ornithological Society, 
Camarillo, CA. 
 
Mitsch WJ & Gosselink JG (1993) Tidal freshwater marshes (Chapter 9), pp. 267-291 In: 
Wetlands, 2nd edition, Van Nostrand Reinhold, New York. 
 



 

Tidal Marsh Conceptual Model - DRAFT  Page 23  
January 24, 2008  

Monsen NE, Cloern JE, Burau JR (2007) Effects of flow diversions on water and habitat 
quality: examples from California’s highly manipulated Sacramento-San Joaquin Delta.  
San Francisco Estuary & Watershed Science. Vol. 5, Issue 3 [July 2007], Article 2. 
 
Mount J & Twiss R (2005) Subsidence, sea level rise, and seismicity in the Sacramento-
San Joaquin Delta. San Francisco Estuary & Watershed Science. Vol. 3, Issue 1 [March 
2005]. Article 5. 
 
Moyle PB, Baxter RD, Sommer T, Foin TC & Matern SA (2004)  Biology and 
population dynamics of Sacramento splittail (Pognoichthys macrolepidotus) in the San 
Francisico Estuary: a review. San Francisco Estuary & Watershed Science. Vol. 2, Issue 
2 [May 2004]. Article 3. 
 
Moyle PB, Crain PK & Whitener, K. (2007) Patterns in the use of a restored California 
floodplain by native and alien fishes.  San Francisco Estuary & Watershed Science. Vol. 
5, Issue 3 [July 2007]. Article 1. 
 
Mudd SM, Fagherazzi S, Morris JT & Furbish DJ (2004) Flow, sedimentation, and 
biomass production on a vegetated salt marsh in South Carolina: toward a predictive 
model of marsh morphologic and ecologic evolution, pp 165-188 In: Fagherazzi S, 
Marani M & Blum LK (eds) The ecogeomorphology of tidal marshes, Coastal and 
estuaries studies series 59, American Geophysical Union, Washington, DC. 
 
Mwamba MJ & Torres R (2002) Rainfall effects on marsh sediment redistribution, North 
Inlet, South Carolina, USA. Marine Geology 189:267-287. 
 
Nobriga ML & Feyrer F (2007) Shallow-water piscivore-prey dynamics in California’s 
Sacramento-San Joaquin Delta. San Francisco Estuary & Watershed Science. Vol. 5, 
Issue 2 [May 2007]. Article 4. 
 
Odum WE (1988) Comparative ecology of tidal freshwater and salt marshes.  Annual 
Review of Ecology and Systematics 19:147-176. 
 
Orr M, Crooks S & Williams PB (2003) Will restored tidal marshes be sustainable? San 
Francisco Estuary & Watershed Science. Vol. 1, Issue 1 [October 2003]. Article 5. 
 
Osgood DT, Yozzo DJ, Chambers RM, Jacobson D, Hoffman T & Wnek J (2003) Tidal 
hydrology and habitat utilization by resident nekton in Phragmites and non-Phragmites 
marshes.  Estuaries 26(2B): 522-533. 
 
Palmer MA (1988) Epibenthic predators and marine meiofauna: separating predation, 
disturbance, and hydrodynamic effects.  Ecology 69:1251-1259. 
 
Patrick, WH Jr. & DeLaune RD (1990) Subsidence, accretion, and sea level rise in South 
San Francisco Bay marshes. Limnology and Oceanography 35:1389-1395. 
 



 

Tidal Marsh Conceptual Model - DRAFT  Page 24  
January 24, 2008  

Pethick, J (2002) Estuarine and Tidal Wetland Restoration in the United Kingdom: Policy 
Versus Practice. Restoration Ecology 10: 431–437. 
 
Philipp KR & Field RT (2005) Phragmites australis expansion in Delaware Bay salt 
marshes. Ecological Engineering 25:275-291. 
 
Rindaldo A, Belluco E, D’Alpaos A, Feola A, Lanzoni S & Marani M (2004) Tidal 
networks: form and function, pp 75-92, In:Fagherazzi S, Marani M & Blum LK (eds) The 
ecogeomorphology of tidal marshes, Coastal and estuaries studies series 59, American 
Geophysical Union, Washington, DC. 
 
Rozas LP (1995) Hydroperiod and its influence on nekton use of the salt marsh: a pulsing 
ecosystem.  Estuaries 18(4):579-590. 
 
Rozas LP & Odum WE (1987) Fish and macrocrustacean use of submerged plant beds in 
tidal freshwater marsh creeks. Marine Ecology Progress Series 38: 101-108. 
 
Rozas LP, McIvor CC & Odum WE (1988) Intertidal rivulets and creekbanks: corridors 
between tidal creeks and marshes. Marine Ecology Progress Series 47:303-307. 
 
Rudnick DA, Chan V & Resh VH (2005) Morphology and impacts of the burrows of the 
Chinese mitten crab, Eriocheir sinensis H. Milne Edwards (Decapoda, Grapsoidea), in 
south San Francisco Bay, California, USA.  Crustaceana 78:787-807. 
 
Sharitz RR & Pennings SC (2006) Development of wetland plant communities, pp 177-
241 In: Batzer DP & Sharitz RR (eds), Ecology of Freshwater and Estuarine Wetlands, 
University of California Press, Berkley, California. 
 
Sharp HF Jr. (1967) Food ecology of the rice rat, Oryzomys palustris (Harlan), in a 
Georgia salt marsh. Journal of Mammalogy 48:557-563. 
 
Sheaves M, Johnston R, Molony B & Shepard G (2007) The effect of impoundments on 
the structure and function of fish fauna in a highly regulated dry tropics estuary.  
Estuaries and Coasts 30:507-517. 
 
Shure DJ (1971) Tidal flooding dynamics: its influence on small mammals in barrier 
beach marshes. American Midland Naturalist 85: 36-44. 
 
Simenstad CA, Hood WG, Thom RM, Levy DA, Bottom DL (2000) Landscape structure 
and scale constraints on restoring estuarine wetlands for Pacific coast juvenile fishes, pp 
597-530 In: Weinstein, MP & Kreeger DA (eds) Concepts and controversies in tidal 
marsh ecology.  Kluwer Academic Publishers, The Netherlands. 
 
Smalling KL, Orlando JL & Kuivila KM (2007) Occurrence of pesticides in water, 
sediment, and soil from the Yolo Bypass, California. San Francisco Estuary & Watershed 
Science. Vol. 5, Issue 1 [February 2007]. Article 2. 



 

Tidal Marsh Conceptual Model - DRAFT  Page 25  
January 24, 2008  

 
Smith JW & Merriner JV (1985) Food habits and feeding behavior of the cownose ray, 
Rhinoptera bonasus, in lower Chesapeake Bay. Estuaries 8:305-310. 
 
Snelgrove PVR, Austen MC, Hawkins SJ, Iliffe TM, Kneib RT, Levin LA, Weslawski 
JM, Whitlatch RB & Garey JR (2004) Vulnerability of marine sedimentary ecosystem 
services to human activities, pp. 161-190 In: Wall DH (ed), Sustaining biodiversity and 
ecosystem services in soils and sediments. Island Press, Washington, DC. 
 
Spalding EA & Hester MW (2007) Interactive effects of hydrology and salinity on 
oligohaline plant species productivity: implications of relative sea-level rise.  Estuaries 
and Coasts 30:214-225. 
 
Spurrier, JD & Kjerfve (1988) Estimating the net flux of nutrients between a salt marsh 
and a tidal creek. Estuaries and Coasts 11: 1559-2723. 
 
Strayer DL & Malcom HM (2007) Submersed vegetation as habitat for invertebrates in 
the Hudson River Estuary. Estuaries and Coasts 30:253-264.Swamy V, Fell PE, Body M, 
Keaney MB, Nyaku MK, McIlvain, EC & Keen AL (2002) Macroinvertebrate and fish 
populations in a restored impounded salt marsh 21 years after the reestablishment of tidal 
flooding.  Environmental Management 29:516-530. 
 
Talley DM., Huxel, GR & Holyoak M. (2006) Habitat Connectivity at the Land-Water 
Interface, pp. 97-129 In: Sanjayan M & Crooks K [Eds], Connectivity in Conservation. 
Cambridge University Press. 
 
Teal JM & Weishar L (2005) Ecological engineering, adaptive management, and 
restoration management in Delaware Bay salt marsh restoration.  Ecological Engineering 
25:304-314. 
 
Torres R, Goñi MA, Voulgaris G, Lovell CR & Morris JT (2004) Effects of low tide 
rainfall on intertidal zone material cycling, pp 93-114 In: Fagherazzi S, Marani M & 
Blum LK (eds) The ecogeomorphology of tidal marshes, Coastal and estuaries studies 
series 59, American Geophysical Union, Washington, DC. 
 
Traut BH (2005) The role of coastal ecotones: a case study of the salt marsh/upland 
transition zone in California. Journal of Ecology 93:279-290. 
 
Tyler RM & Targett TE (2007) Juvenile weakfish Cynoscion regalis distribution in 
relation to diel-cycling dissolved oxygen in an estuarine tributary. Marine Ecology 
Progress Series 333:257-269. 
 
USFWS (2000) Impacts of riprapping to ecosystem functioning, Lower Sacramento 
River, California.  Fish and Wildlife Coordination Act Report, U.S. Fish and Wildlife 
Service, Sacramento Office, Sacramento, California, 40p. 
 



 

Tidal Marsh Conceptual Model - DRAFT  Page 26  
January 24, 2008  

Valiela I, Teal JM, Volkmann S, Shafer D & Carpenter EJ (1978) Nutrient and 
particulate fluxes in a salt marsh ecosystem: tidal exchanges and inputs by precipitation 
and groundwater. Limnology and Oceanography 23:796-812. 
 
Visintainer TA, Bollens SM & Simensta CA (2006) Community composition and diet of 
fishes as a function of tidal channel geomorphology. Marine Ecology Progress Series 
321:227-243. 
 
Warren, RS & Niering (1993) Vegetation change on a northeast tidal marsh: interaction 
of sea-level rise and marsh accretion. Ecology 74:96-103. 
 
Weslawski JM, Snelgrove PVR, Levin LA, Austen MC, Kneib RT, Illife TM, Garey JR, 
Hawkins SJ & Whitlatch RB (2004) Marine sedimentary biota as providers of ecosystem 
goods and services, pp. 73-98 In: Wall DH (ed), Sustaining biodiversity and ecosystem 
services in soils and sediments. Island Press, Washington, DC. 
 
Williams GD & Desmond JS (2001) Restoring assemblages of invertebrates and fishes 
(Chapter 5), pp. 235-269 In: Zedler JB (ed) Handbook for restoring tidal wetlands. CRC 
Press, Boca Raton, Florida. 
 
Williams GD & Zedler JB (1999) Fish assemblage composition in constructed and 
natural tidal marshes of San Diego Bay: relative influence of channel morphology and 
restoration history.  Estuaries 22(3A):702-716. 
 
Wood R & Widdows J (2002) A model of sediment transport over an intertidal transect, 
comparing the influences of biological and physical factors.  Limnology and 
Oceanography 47:848-855. 
 
Workman ML, Merz JE (2007) Introduced yellowfin goby, Acanthogobius flavimanus: 
diet and habitat used in the lower Mokelumne River, California. San Francisco Estuary & 
Watershed Science. Vol. 5, Issue 1 [February 2007]. Article 1. 
 
Zedler JB & Kercher S (2004) Causes and consequences of invasive plants in wetlands: 
opportunities, opportunists, and outcomes.  Critical Reviews in Plant Sciences 23:431-
452. 
 
Zedler JB & Kercher S (2005) Wetland resources: Status, trends, ecosystem services, and 
restorability. Annual Review of Environmental Resources 30: 39-74. 
 
Zedler JB, Paling E & McComb A (1990) Differential responses to salinity help explain 
the replacement of native Juncus kraussii by Typha orientalis in western Australian salt 
marshes.  Australian Journal of Ecology 15:57-72. 
 
Zeff ML (1999) Salt marsh tidal channel morphometry: applications for wetland creation 
and restoration.  Restoration Ecology 7:205-211. 



Exported Production

Freshwater Flows

Emergent Plant 
Biodiversity &
Architecture

Elevation

In situ Marsh 
Production, 
Biomass & 

Decomposition

Inundation 
Regime

Terrestrial Interface Aquatic Interface

Incident 
Insolation

Nutrients, 
Pollutants

& Sediments

Animal 
Biodiversity

& 
Productivity

Other Imported Production

Figure 1.  DRERIP Tidal Marsh Biological Model – Broad View

Marsh Structure and Processes

Tides
Water 

Characteristics
• salinity

• temperature
• dissolved oxygen

• turbidity

Terrestrial 
Animals

Accretion
Erosion &  

Desiccation

Compaction & 
Subsidence

Mercury
Model

Waves & 
Rainfall

Nekton

Importance Understanding Predictability

Model
Link

Driver

Intermediate
OutcomeOutcome

HIGH

MEDIUM

LOW

Species
Model

(1)

(2)

(3)(4)(5)

(6)

(7)

(9)

(10)

(11a)

(16)

(15)
(17)

(13)

(18)

(13)(19a)

(20)

(21)

(22)

(23)

(24)
(25a) (26)

(27a)

(28b)

(28a)

(29)(30)

(19b)
(31)

(32)

(33)

(34)

(14)

(35)

Interface = NEXUS

(25b)

(11b)

(27b)

(8) (12)

Relative Surface 
Elevation Processes 
& Sediment Structure




